RNA-binding proteins are at the heart of posttranscriptional gene regulation, coordinating the processing, storage, and handling of cellular RNAs. We show here that GRSF1, previously implicated in the binding and selective translation of influenza mRNAs, is targeted to mitochondria where it forms granules that colocalize with foci of newly synthesized mtRNA next to mitochondrial nucleoids. GRSF1 preferentially binds RNAs transcribed from three contiguous genes on the light strand of mtDNA, the ND6 mRNA, and the long noncoding RNAs for cytb and ND5, each of which contains multiple consensus binding sequences. RNAi-mediated knockdown of GRSF1 leads to alterations in mitochondrial RNA stability, abnormal loading of mRNAs and lncRNAs on the mitochondrial ribosome, and impaired ribosome assembly. This results in a specific protein synthesis defect and a failure to assemble normal amounts of the oxidative phosphorylation complexes. These data implicate GRSF1 as a key regulator of posttranscriptional mitochondrial gene expression.
INTRODUCTION
RNA-binding proteins (RBPs) play key roles in all steps of posttranscriptional regulation of RNAs, including splicing, polyadenylation, RNA transport and localization, RNA stability, and translation. Mammalian cells contain thousands of RBPs that bind unique mRNAs via RNA-binding domains in a sequenceand structure-specific manner (Glisovic et al., 2008; Lunde et al., 2007) . The posttranscriptional regulation of mRNAs is thus an important element in protein expression in eukaryotes. In many instances multiple functionally related mRNAs have been shown to be coordinately regulated by RBPs in ribonucleoprotein (RNP) complexes, and this has led to the concept of an RNA regulon (Keene, 2007) . RBPs can also consolidate mRNAs into RNA granules that are translationally silent, to coordinate early developmental programs (Anderson and Kedersha, 2009) , to respond to cellular stresses (Anderson and Kedersha, 2009; Buchan and Parker, 2009 ), or as a way to regulate local translation at neuronal synapses (Liu-Yesucevitz et al., 2011) .
The mitochondrial genome (mtDNA) encodes 13 polypeptides that are translated on dedicated mitochondrial ribosomes, but little is known about the mechanisms of posttranscriptional handling of mitochondrial mRNAs. To date, only two mitochondrial mRNA-binding proteins have been extensively characterized, LRPPRC (Mootha et al., 2003) and SLIRP (Baughman et al., 2009) . Mutations in LRPPRC cause the French-Canadian form of Leigh syndrome, an early onset neurodegenerative disease that is associated with tissue-specific cytochrome c oxidase (COX) deficiency (Mootha et al., 2003) . LRPPRC and SLIRP form a RNP complex ) that binds most mitochondrial mRNAs and is important for the maintenance of their poly(A) tails (Chujo et al., 2012; Ruzzenente et al., 2012) .
LRPPRC belongs to the pentatricopeptide repeat (PPR) family of RBPs, which has hundreds of members in vascular land plants (Schmitz-Linneweber and Small, 2008) . In mammalian mitochondria, six additional PPR proteins have been described, and all localize to mitochondria: POLRMT (the mitochondrial RNA-polymerase), PTCD1, PTCD2, PTCD3, MRPS27, and mitochondrial RNase P protein 3 (MRPP3) (Rorbach and Minczuk, 2012) . MRPP3 and PTCD1 play a role in mitochondrial tRNA processing (Sanchez et al., 2011) . PTCD3 binds mitochondrial 12S rRNA and is tightly associated with the mitochondrial small ribosomal subunit (mt-SSU); however, its exact molecular function remains unknown (Davies et al., 2009; Haque et al., 2011) . MRPS27 is a protein of the mt-SSU that associates with the 12S rRNA and tRNA Glu , and while it is essential for mitochondrial translation, knockdown of the protein does not affect RNA processing or stability (Davies et al., 2012) . PTCD2 has been shown to be important for the processing of the cytochrome b (cyt b) primary transcript (Xu et al., 2008) . These studies provide clear evidence of the essential role of mitochondrial RBPs in mitochondrial RNA metabolism, and consequently in mitochondrial protein synthesis.
In our investigations of the genetic causes of human mitochondrial translation defects, we identified mutations in C12orf65, a mitochondrial protein possessing a class I release factor motif (GGQ) present in prokaryotic translation termination factors . C12orf65 belongs to a family of four such factors in mammalian mitochondria, which includes mtRF1, mtRF1L, and ICT1. Its role in mitochondrial translation termination is, however, unclear, as mtRF1L appears to be both necessary and sufficient for terminating the synthesis of all mitochondrial polypeptides (Chrzanowska-Lightowlers et al., 2011). To investigate the function of C12orf65, we immunoprecipitated an epitope-tagged version of the protein to identify interacting protein partners. This analysis identified GRSF1 (G-rich sequence binding factor 1), previously characterized as a cytoplasmic poly(A)+ mRNA-binding protein (Kash et al., 2002; Qian and Wilusz, 1994) .
GRSF1 belongs to a family of ubiquitously expressed proteins that have been implicated in splicing, polyadenylation, capping, export, and translation of cellular and viral mRNAs (Jablonski and Caputi, 2009; Kash et al., 2002; Schaub et al., 2007) . It contains three RRM (RNA-binding) domains, and was reported to bind the 5 0 UTR of influenza virus nucleocapsid protein via an AGGGU motif, and recruit it to the polyribosome (Kash et al., 2002; Park et al., 1999) . GRSF1 has also been implicated in murine embryogenesis as a target of the Wnt/b-catenin signaling pathway (Lickert et al., 2005) , and as a translational regulator of glutathione peroxidase 4 (Ufer et al., 2008) .
Here we show that GRSF1 is predominantly a soluble mitochondrial protein that localizes to RNA granules and coordinates posttranscriptional storage and handling of mitochondrial mRNAs and long noncoding RNAs (lncRNAs).
RESULTS

GRSF1 Is a Soluble Mitochondrial Protein
GRSF1 is a 53 kDa protein (480 amino acids) that is predicted to be localized to mitochondria by four mitochondrial targeting prediction programs (Mitoprot, Mitopred, TargetP, Predator) . It is also present in the Mitocarta proteomic database (Pagliarini et al., 2008) . A shorter transcript (318 amino acids) using an alternative start site has been described (NCBI, Ensembl); however, there is no experimental confirmation of this splice variant. We confirmed the mitochondrial localization of GRSF1 by indirect immunofluorescence in a human fibroblast cell line ( Figure 1A) , and by subcellular fractionation of HEK293 cells ( Figure 1B ). GRSF1 was found exclusively in mitochondria, and, unexpectedly, appeared, by immunofluorescence detection, to be concentrated in specific foci in the mitochondrial network ( Figure 1A ). GRSF1 is not predicted to contain any transmembrane domains, and alkaline carbonate extraction of mitochondria confirmed that it is a soluble mitochondrial protein ( Figure 1C ). To determine if GRSF1 exists in a stable complex with other proteins, twodimensional blue native gel electrophoresis (BN-PAGE) (Figure 1D ) and size exclusion chromatography ( Figure 1E ) were performed. Both experiments showed that GRSF1 exists primarily as a monomer, although a small amount of GRSF1 was observed in higher-molecular-weight fractions ( Figure 1E ).
GRSF1 Is Required for Mitochondrial Translation and Assembly of the OXPHOS Complexes
To investigate the function of GRSF1 in mitochondria, we used siRNA-mediated knockdown of GRSF1 in cultured human fibroblasts. Three different siRNA constructs produced a graded decrease in the steady-state levels of GRSF1 from about 5% of control levels with siRNA1 to 40% of control levels with siRNA3 ( Figure 2A ). BN-PAGE analysis showed that the knockdown of GRSF1 resulted in a combined OXPHOS assembly defect, with the prominent loss of complexes I, III, IV, and V (Figure 2B) , the extent of which depended on the residual level of GRSF1. COX activity was 58%, 77%, and 98% of control for siRNAs1-3 respectively, consistent with the severity of the defect in COX assembly. To test whether the assembly defects resulted from a defect in mitochondrial protein synthesis, we pulse labeled the mitochondrial translation products with a mixture of [ 35 S]-methionine and [
35 S]-cysteine in the presence of emetine, an inhibitor of cytosolic translation ( Figure 2C ). We observed a global decrease in mitochondrial translation, consistent with the magnitude of the corresponding OXPHOS assembly defect (55%, 69%, and 86% of control for siRNAs1-3, respectively). The defect was, however, not uniform. The synthesis of three polypeptides in particular, the complex I subunits ND5 and ND6, and the complex III subunit cyt b, was markedly reduced, while the synthesis of ND3, ATP6, and ND4L/ATP8 was not significantly different than control ( Figures 2C and 2D ). This pattern has not been reported previously in the context of other mitochondrial translation defects Smeitink et al., 2006) . GRSF1 was shown to bind G-rich elements in the 5 0 UTRs of several cytoplasmic and proviral RNAs, with the consensus motif being AGGGD, where D is either A, U, or G (Park et al., 1999; Schaub et al., 2007; Ufer et al., 2008) . Analysis of the coding sequence of all mitochondrial transcripts revealed that the mRNA for ND6 is the most G-rich sequence (35%) and contains four consensus motifs, while the COX I and COX III mRNAs contain three, ND1 mRNA contains two, and cyt b mRNA contains one. The mRNAs for COX II, ND2, ND3, ND4, ND4L, ND5, ATP6, and ATP8 do not contain an AGGGD consensus motif.
Lack of GRSF1 Leads to Altered Steady-State Levels of Mitochondrial rRNAs and mRNAs We next used northern blot ( Figure 3A ) and qRT-PCR analyses (see Table S1 online) to investigate if low levels of GRSF1 had an effect on the steady-state levels of mitochondrial transcripts. The majority of transcripts were reduced to about 60% of control (ND5, COX I, ND4/ND4L, COX II, ATP6/8, cyt b, and 12S rRNA) ; however, the transcripts for ND3 and COX III were not affected, while the transcripts for ND1 and ND2 were increased (to 134% and 174% of control, respectively), and the 16S rRNA transcript was reduced to 26% of control ( Figure 3A , Table S1 ). Detection of the ND6 transcript was hindered by the fact that the 3 0 UTR of the ND5 transcript covers the entire sequence complimentary to the ND6 gene (Temperley et al., 2010) . Thus a double-stranded DNA probe detected both ND5 and ND6 transcripts ( Figure 3B ). Three long noncoding RNAs complimentary to the genes encoding ND5, ND6, and cyt b have been identified by RNAseq, further complicating this analysis . In order to detect the ND6 transcript specifically, we used a ''primer'' probe consisting of a mix of three primers complimentary to three different regions of the coding sequence of the ND6 gene. This probe detected prominent transcripts of 3,200 nt (polycistronic transcript) and 1,600 nt (lncND5/ND6 transcript) similar to the dsND6 probe, and, on longer exposure, an 1,100 nt transcript. The 3 0 end of the ND6 transcript was recently reported to be 33/34 nt by 3 0 RACE analysis , which would predict a mature transcript of about 560 nt, but such a species has not been reported by northern blot analysis. The 1,100 nt transcript, which has been reported previously (Guan et al., 1998; Slomovic et al., 2005) , was not detected in GRSF1-knockdown cells treated with siRNA1 and siRNA2, indicating that GRSF1 is necessary for the stability of this low-abundance transcript. Although there was a clear and variable effect of GRSF1 knockdown on the steady-state levels of rRNAs and mRNAs, the change in the level of the mRNA was not generally a reliable predictor of the rate of synthesis of the individual polypeptides.
The above analysis did not reveal any evidence for an increase in unprocessed mitochondrial transcripts in GRSF1 knockdown cells (even on overexposed northern blots, Figure 3B ), suggesting that GRSF1 is not essential for maturation of the primary polycistronic transcripts. To further test this, we interrogated several gene junctions in precursor transcripts by qRT-PCR looking for increases in unprocessed transcripts in GRSF1 knockdown cells ( Figure S1 ). The polycistronic transcripts of mtDNA are processed primarily by RNase P and RNase Z (ELAC2) at the 5 0 and 3 0 ends of the tRNA genes that punctuate the genome (Brzezniak et al., 2011; Sanchez et al., 2011) . The mitochondrial RNase P is composed of three protein subunits (MRPP1-3) but lacks an RNA component (Holzmann et al., 2008) . Processing of these same junctions in precursor transcripts had previously been investigated in cells in which RNaseP or RNaseZ activity was decreased by siRNA-mediated knockdown of MRPP1, MRPP3, or ELAC2 (Sanchez et al., 2011) , providing a positive control for mitochondrial RNA-processing defects. Our analysis showed that the levels of most of the unprocessed transcripts in GRSF1 knockdown cells were near background as compared with those observed in cells with decreased processing enzyme activity (Sanchez et al., 2011) . For instance, the COX I-COX II and COXII-ATP8 precursors were increased more than 100-fold when MRPP1 was knocked down (Sanchez et al., 2011) , but there was no enrichment for these unprocessed species in GRSF1 knockdown cells. There were small increases in the levels of unprocessed 12S-16S rRNA and ND6-cytb in GRSF1 knockdown cells, but these are more than an order of magnitude less than seen with the MRPP1 knockdown. Importantly, the levels of several different mitochondrial tRNAs were unaffected by the knockdown of GRSF1 ( Figure 3C ).
GRSF1 Preferentially Binds Light-Strand Transcripts and Is Present in RNA-Rich Foci
In order to identify the RNA species bound by GRSF1, we immunoprecipitated GRSF1 from mitochondria of HEK293 cells and isolated the coimmunoprecipitated RNA. Strand-specific qRT-PCR analysis showed that three contiguous RNAs viz. ND6 mRNA and two lncRNAs (cytb and ND5) transcribed from the light-strand promoter were selectively enriched by 25-to 40-fold in the immunoprecipitate ( Figure 4A ). The distribution of the reported GRSF1 consensus binding sites (AGGGD) in mtDNA transcripts is shown in Figure 4B . As mentioned above, the ND6 mRNA contains four such motifs, while the lnccyt b RNA contains ten and the lncND5 RNA 21, consistent with the large selective enrichment of these RNA species in this experiment. The steady-state levels of the lncRNAs were decreased by about half in GRSF1 knockdown cells (Table S2) .
MtDNA, or its associated nucleoid proteins, appears in discrete foci in the mitochondrial reticulum (most recently investigated by super resolution light microscopy [Brown et al., 2011; Kukat et al., 2011] ) in a punctate pattern that resembles that of the pattern of GRSF1 immunofluorescence ( Figure 1A , insert). Mass spectrometry analyses of nucleoid proteins have not, however, identified GRSF1 as a protein component of the mitochondrial nucleoid (Bogenhagen et al., 2008; He et al., 2012) , and we confirmed that the GRSF1-positive foci are different from those containing mtDNA ( Figure 4C ). In fact, nearly all GRSF1 foci were juxtaposed to mitochondrial nucleoids, the latter detected with an anti-DNA antibody ( Figure 4C , line graph). GRSF1 foci were lost upon treatment of cells with mitochondrial replication and transcription inhibitors (ethidium bromide or actinomycin D; Figure 4G ) but were not affected by inhibition of RNA polymerase II (a-amanitin), by inhibition of mitochondrial translation (chloramphenicol), or by inhibition of the activity of complexes I, III, or V of the OXPHOS system (by rotenone, antimycin B, and oligomycin, respectively; data not shown). In rho 0 cells, which are devoid of mitochondrial DNA, and therefore do not contain any mitochondrial transcripts, GRSF1 protein levels were decreased and GRSF1 was uniformly distributed in the mitochondrial network ( Figure 4H ). Taken together, these data suggest that GRSF1 forms RNA granules that contain RNA transcribed from the mitochondrial genome.
To test directly whether the GRSF1 foci contained RNA, we labeled 143B cells with the nucleoside analog bromouridine (BrU) and visualized the BrU-labeled RNA by immunofluorescence using an anti-BrdU antibody ( Figure 4D ). BrU labeling produced discrete foci of newly synthesized RNA, most of which colocalized with the GRSF1-positive foci ( Figure 4D , line graph), thus confirming that the foci contain newly synthesized mitochondrial transcripts. A small proportion of BrU-labeled RNA colocalized with mitochondrial DNA (Figure S2 ), perhaps indicating actively transcribing nucleoids. Some BrU-positive foci were still visible in GRSF1 knockdown cells (data not shown), indicating that formation of the granules is not absolutely dependent on GRSF1.
We next used immunofluorescence/in situ hybridization experiments to demonstrate directly that GRSF1-RNA foci contained mitochondrial mRNA. A fluorescently labeled ND6 probe RNA analysis of fibroblasts treated with GRSF1 siRNAs (siRNA1-3), of control siRNA, and of control fibroblasts (control 1 and control 2). (A) Northern blot analysis and hybridization were performed with probes specific for the mitochondrial mRNAs, rRNAs, and, as a loading control, with a probe for cytosolic 18S rRNA. (B) Detection of the ND6 transcript. Northern blot analysis and hybridization with ND6 dsDNA probe (left panel) and ''primer'' probe (right panel). Schematic representation of transcripts identified with the ND6 probes (ND5 mRNA and lncND6 RNA are the heavy-strand transcripts; lncND5 RNA/ND6 mRNA and ND6 mRNA are the light-strand transcripts). (C) Detection of individual mitochondrial tRNAs separated on a urea-polyacrylamide gel by hybridization with oligonucleotide probes complementary to the mitochondrial tRNAs for Val, Glu, Met, Trp, Lys, and Gln and, as a loading control, the cytosolic tRNA for Glu (cyt Glu). produced a punctate pattern, which colocalized with the GRSF1 foci ( Figure 4E ), while a fluorescently labeled 12S rRNA probe stained the mitochondrial network more uniformly ( Figure 4F , middle panel). We conclude that GRSF1 forms RNA granules, juxtaposed to mitochondrial nucleoids, that are selectively enriched in at least one mitochondrial mRNA and two lncRNAs.
GRSF1 Is Required for Assembly of the Mitochondrial
Ribosome and for Recruitment of mRNA and lncRNA Immunoblot analysis of GRSF1 knockdown cells showed marked decreases in the steady-state levels of several mitochondrial ribosomal proteins ( Figures 5A and 5B ), especially those of the large ribosomal subunit (mt-LSU), but no changes in the steady-state levels of two other mitochondrial RBPs (LRPPRC, SLIRP), mitochondrial transcription factors (TFAM, TFB1M, TFB2M, MTERFD3), or the mitochondrial translation elongation factors EFTu or EFTs. There was, however, a clear increase in the expression of the translation elongation factor EFG1 ( Figure 5B ), perhaps in response to the translation defect.
These results suggested that GRSF1 is also required for ribosome assembly or stability. To test this hypothesis, we performed sucrose gradient centrifugation of mitochondria from control ( Figure 6A ) and siRNA1-treated cells ( Figure 6B ). As predicted by the decreased steady-state levels of the mt-LSU proteins and the 16S rRNA, the amount of the fully assembled mt-LSU was substantially decreased. In addition, the pattern of sedimentation of the small ribosomal subunit (mt-SSU) appeared different on the sucrose gradient in GRSF1 knockdown cells (peak in fraction 5 versus fraction 6 in controls), suggesting that it fails to assemble normally in the absence of GRSF1. The calculated sedimentation coefficient of this complex was 22S, while the fully assembled mt-SSU sediments as a 28S complex. The combination of abnormal assembly of the mt-SSU, and the decreased amount of the mt-LSU, resulted in a reduction in monosome formation. To determine if any proteins were missing in the 22S complex, fraction 5 from the GRSF1 knockdown sucrose gradient and fraction 6 from the control sucrose gradient were TCA precipitated and analyzed by mass spectrometry. The same set of mt-SSU proteins was detected in GRSF1 knockdown cells as in control cells (Table S3 ). Three known mt-SSU assembly factors, ERAL1, a homolog of the bacterial Era protein; NOA1 (nitric oxide-associated 1); and PTCD3 were also present in both the 22S and 28S mt-SSU by either mass spectrometry or immunoblot analysis.
To determine if the difference in the size of the small ribosomal subunit in GRSF1 knockdown cells was caused by a reduction in the amount of 12S rRNA, we isolated RNA from the sucrose gradient fractions and determined the distribution of 12S and 16S rRNA across the gradient (Figure 6 ). The distribution of 12S rRNA in the sucrose gradient of siRNA1-treated cells was qualitatively different from the control cells. The 12S rRNA was present in the 22S small ribosomal complex but also peaked in a fraction of about 33S (Figure 6B ), where 25% of total 12S rRNA was present. The distribution of 16S rRNA was similar in both the control and siRNA1 cells; however, the total amount of 16S rRNA in siRNA1-sucrose gradient fractions was about 50% of control, consistent with the reduced steady-state level seen by northern blot analysis ( Figure 3A) .
We next examined the distribution of mRNAs and the three lncRNAs in the sucrose gradients. In control cells, the mRNAs and the lncRNAs sedimented essentially in two pools, one at the top of the gradient (not associated with ribosomes) and another that cosedimented with monosomes. There were, however, several marked differences in the distribution of mRNAs and lncRNAs in GRSF1 knockdown cells ( Figure 6B) . First, the pool of mRNAs and lncRNAs at the top of the gradient almost disappeared. Second, the mRNA for cytb was distributed roughly equally between the 22S mt-SSU and the monosome, while that for ND6 was distributed between the mt-LSU and the monosome. Strikingly, these mRNAs code for the polypeptides whose synthesis is most decreased in GRSF1 knockdown cells. Lastly, the lncRNA for cytb sedimented almost entirely with the mt-LSU. Thus, although GRSF1 does not comigrate with the ribosomal subunits on a sucrose gradient ( Figure 6A ), it is clearly essential for the correct loading of both mRNAs and lncRNAs and ribosomal biogenesis.
DISCUSSION
This study demonstrates that GRSF1, an RBP first reported to specifically interact with the 5 0 UTRs of viral cytosolic mRNAs, is predominantly targeted to mitochondria, where it localizes to RNA granules that lie in close proximity to mitochondrial nucleoids. GRSF1 preferentially binds to specific RNAs, including one mRNA and two lncRNAs, transcribed from the mtDNA light-strand promoter, all of which contain multiple copies of the reported consensus binding sequence AGGGD. Loss of GRSF1 leads to destabilization of several mRNAs and rRNAs, misloading of RNAs on the ribosome, abnormal ribosome biogenesis, and dysregulation of mitochondrial protein synthesis. GRSF1 thus appears to be necessary for the coordination of several aspects of posttranscriptional storage, handling, and translation of mitochondrial RNAs.
Different types of RNA granules (stress granules, processing bodies, germinal granules, and neuronal transport granules) have been described in the cytoplasm of somatic and germ cells (Anderson and Kedersha, 2009; Buchan and Parker, 2009; LiuYesucevitz et al., 2011) . Stress granules accumulate in response to cellular stresses such as nutrient deprivation or viral infection and serve to halt cytoplasmic translation, promoting cell survival. Processing bodies regulate mRNA decay, while germinal granules are responsible for maintaining a pool of maternally inherited mRNAs. Neuronal transport granules can be moved to different locations in neurons such as the dendrite or synapse to support local requirements for translation of specific proteins. A general principle of all cytoplasmic RNA granules is that they contain translationally silent mRNAs, which may be in dynamic equilibrium with mRNAs associated with actively translating ribosomes. Previous, quantitative analysis of BrU labeling in mitochondria identified BrU-positive foci within 200 nm of mitochondrial nucleoids after short pulse-labeling experiments (Iborra et al., 2004) , consistent with our results, but no protein components were identified in the BrU-positive foci. A very recent study has reported so-called D foci, which have been proposed to be the mitochondrial degradosome (Borowski et al., 2012) . These foci contain a PNPase-hSuv3 protein complex, and a small proportion of them colocalize with newly synthesized RNA. 
Cell Metabolism
GRSF1 Is a Mitochondrial RNA-Binding Protein
The GRSF1-positive RNA granules accumulate newly synthesized mRNAs and therefore may represent a pool for storing, sorting, or regulating the translation of mitochondrial mRNAs. The fact that we saw little evidence for accumulation of unprocessed RNA intermediates by northern blot, or by qRT-PCR analysis of polycistronic precursors, in GRSF1 knockdown cells suggests that if processing of polycistronic transcripts does occur in the RNA granules, which seems likely, it is not GRSF1 dependent. Although EYFP-tagged constructs of several mitochondrial RNA-processing enzymes (ELAC2, MRPP1, MRPP3, PTCD1) have not been reported to accumulate in mitochondrial foci (Sanchez et al., 2011) , their presence in discrete foci may have been obscured by overexpression of the fluorochrometagged proteins. We identified GRSF1 as a protein that coimmunoprecipated with C12orf65, and it is possible that the latter also colocalizes to RNA granules, but we do not have an antibody to test this hypothesis. The C12orf65 immunoprecipitate also contained MRPP1 and C1QBP (p32), a protein that localizes to the mitochondrial matrix (Jiang et al., 1999) , but which has also been implicated in RNA processing in the cytoplasm, lending support to the notion that the RNA granules are involved in RNA processing. A recent study also suggested that p32 binds all mitochondrial mRNAs (Yagi et al., 2012) , and while it is not required for their stability, a p32 knockout leads to a severe defect in mitochondrial translation. Cytoplasmic RNA granules usually contain many different mRNA species in addition to a number of RBPs, and a variety of enzymes involved in translation initiation and RNA processing. While our analyses suggest that GRSF1 is largely monomeric, a fraction of the pool does run at higher molecular weights on a gel filtration column, and it is likely that the GRSF1-positive granules contain other proteins with which GRSF1 could interact, but these await identification.
We and others have recently characterized two other mRNAbinding proteins in mitochondria: LRPPRC and SLIRP (Chujo et al., 2012; Ruzzenente et al., 2012; Sasarman et al., 2010) , which form an RNP complex stabilizing mRNAs and their poly(A) tails. The levels of both of these proteins were completely unaffected in GRSF1-knockdown cells, and we found no evidence that either of them interacted with GRSF1 in immunoprecipitation and mass spectrometry experiments. There is some evidence that the LRPPRC/SLIRP complex binds cotranscriptionally to RNA precursors before they are processed to mature RNAs (Chujo et al., 2012) , so it is possible that the interaction with LRPPRC/SLIRP occurs upstream, or parallel, to GRSF1-RNA transactions. Further, as LRPPRC appears to be necessary to maintain mRNA poly(A) tails by either promoting polyadenylation or preventing deadenylation (Chujo et al., 2012; Ruzzenente et al., 2012) , it is possible that the mature polyadenylated mRNAs produced by the LRPPRC/SLIRP complex are subsequently stored in GRSF1-positive granules.
There does, however, appear to be a rather clear division of labor between the two posttranscriptional pathways with respect to specific RNAs. A heart-specific knockout of LRPPRC had no effect on the stability of the ND6 mRNA (Ruzzenente et al., 2012) , the only mRNA that was highly enriched in GRSF1 immunoprecipitates. ND6 is the only protein-coding gene on the light strand of mtDNA, and it is the only mitochondrial mRNA that is not polyadenylated. The ND6 transcript is exceptionally G rich (35%) in comparison to all other protein-coding genes in mtDNA, and it contains four GRSF1 consensus-binding motifs, so it is perhaps not too surprising to find that GRSF1 preferentially associates with ND6 mRNA. However, this does not appear to be the whole story, as other transcripts, such as that for COX I, have three potential GRSF1 binding motifs but are not enriched in GRSF1 immunoprecipitates. RNAseq experiments have identified three specific, abundant lncRNAs transcribed from the ND5, ND6, and cyt b genes , and strand-specific qRT-PCR revealed that those for cyt b and ND5, both of which contain multiple AGGGD consensus binding sequences (10 and 21, respectively), are highly enriched in GRSF1 immunoprecipitates. The RNAs that bind GRSF1 are also predicted to form G quadraplex structures. These structures form consensus binding sequences for other RNA-binding proteins such as FMRP, which is associated with fragile X syndrome (Darnell et al., 2001) , and which is implicated in the regulation of cytosolic mRNA translation at synapses (Bugaut and Balasubramanian, 2012). The QGRS-H Predictor algorithm (Menendez et al., 2012) predicts 65 possible G quadruplex structures in lnccytb, four in ND6, and ten in lncND5. None of the heavy-stand transcripts are predicted to form G quadruplex structures, and none were significantly enriched in GRSF1 immunoprecipitates, consistent with the idea that G quadruplex structures might represent bona fide GRSF1 binding motifs. Interestingly, all sequenced vertebrate mitochondrial genomes have a robust strand-specific G-C skew, and GRSF1 does not appear to have evolutionarily conserved homologs beyond the teleosts. A somewhat unexpected result of the knockdown of GRSF1 was the effect on mitochondrial ribosomal biogenesis, as GRSF1 does not cosediment with mitochondrial ribosomes on sucrose gradients. In all organisms studied so far, ribosomal biogenesis is a complex multistep pathway, in which rRNA plays a crucial role. The process is thought to involve progressive stabilization of rRNA structures based on the successive binding of the structural protein subunits (Shajani et al., 2011) . Although very little is known about the biogenesis of mammalian mitochondrial ribosomes, based on their evolutionary relationship with eubacterial ribosomes, one might expect some conserved elements in the pathway. The bacterial 70S ribosome is composed of a small subunit (30S), which contains 21 proteins and 16S rRNA, and a large subunit (50S), which contains 33 proteins and two rRNAs (23S and 5S). Bacterial ribosome assembly maps have been proposed based on both in vitro and in vivo studies (Shajani et al., 2011) . Human mitochondrial ribosomes differ substantially in both the composition and physical properties from the bacterial ribosome, as they contain about half the RNA and nearly twice as many proteins (O'Brien, 2002) . Homologs of all but 12 bacterial ribosomal proteins exist in mitochondria together with 37 additional proteins. Interestingly, several of the bacterial small ribosomal proteins that do not have human homologs (S3, S4, S19, S20) are essential in the first steps of the ribosome assembly (Held et al., 1974; Talkington et al., 2005) , suggesting that the assembly pathway has also evolved significantly in concert with the physical composition of the ribosome.
Knockdown of GRSF1 leads to the formation of a subassembly of the mt-SSU that sediments as a 22S particle. To our knowledge, a subassembly of the mt-SSU has never been reported. The size of this subassembly is similar to the bacterial ribosomal assembly intermediate RI 30 , which is formed at low temperatures, and which contains 16S rRNA and 15 ribosomal proteins (Shajani et al., 2011) . In contrast, the 22S mt-SSU of GRSF1 knockdown cells contained both the 12S rRNA and all the small ribosomal proteins, which were also present in the 28S mt-SSU. The lack of GRSF1 protein also resulted in decreased steady-state levels of several mt-LSU proteins, and of the fully assembled 39S mt-LSU on sucrose gradients; however, the sedimentation of the mt-LSU was identical in GRSF1 knockdown cells and controls.
The effects of GRSF1 knockdown on ribosome assembly could be an indirect result of the decreased abundance of the rRNAs (especially the 16S RNA) and misloading of mRNA and lncRNA onto ribosomal subunits. lncRNAs have been implicated in a wide variety of processes regulating gene expression (Wang and Chang, 2011) , so it is difficult to predict the function of the mitochondrial lncRNAs. It is clear from our experiments that they normally associate with monosomes, suggesting that they play some role in the regulation of mitochondrial translation, perhaps in ribosome assembly, or as scaffolds or guides. They are also destabilized, and one of them is misloaded onto ribosomes, in the absence of GRSF1. Although the mitochondrial lncRNAs were suggested to form intermolecular duplex structures, based on RNase sensitivity experiments , it is possible that the resistance to RNase digestion is attributable either to GRSF1 or their association with ribosomal proteins. Although we did not investigate the pattern of cosedimentation of all of the mRNAs on sucrose gradients, the fact that the two polypeptides (cytb and ND6) whose synthesis is most reduced in GRSF1 knockdown cells, are misloaded on individuual ribosome subunits is consistent with the idea that GRSF1 plays some role in the recruitment of ribosome subunits in translation initiation and formation of the monosome.
In summary, this study provides strong evidence for the role of the RBP GRSF1 in the formation of mitochondrial RNA granules, which appear to be crucial for the posttranscriptional storage, handling, and translation of mitochondrial RNAs; in addition, this study implicates lncRNAs in the regulation of mitochondrial translation. The composition of the RNA granules and the molecular mechanisms by which GRSF1 regulates RNA loading onto ribosomes will require further detailed investigation.
EXPERIMENTAL PROCEDURES Cell Lines
Primary control fibroblast cell lines were immortalized by transduction with a retroviral vector expressing the HPV-16 E7 gene and a retroviral vector expressing the catalytic component of human telomerase (htert) (Yao and Shoubridge, 1999) . The fibroblasts, HEK293, 143B, and 143B rho 0 cell lines were grown in high-glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, at 37 C in an atmosphere of 5% CO 2 .
The medium for the 143B rho 0 cell line was supplemented with 50 mg/ml of uridine.
siRNA Transfection RNA interference was used for transient knockdown of GRSF1 in control fibroblasts. Three Stealth RNA interference duplex constructs against human GRSF1 (Invitrogen), designed using Block-iT RNAi Express (http://rnaidesigner.invitrogen.com/rnaiexpress), were used (HSS104516, HSS104517, HSS179021). The three stealth siRNAs and the fluorescent oligo control Block-iT Alexa FluorRed (control siRNA, Invitrogen) were transiently transfected into control fibroblasts at a final concentration of 12 nM using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's specifications. The transfection was repeated on day 3, and the cells were harvested on day 6 for analysis.
Mitochondrial Isolation and Localization Experiments
HEK293, 143B, and 143B rho 0 cells and fibroblasts were resuspended in icecold 250 mM sucrose/10 mM Tris-HCl/1 mM EDTA (pH 7.4) and homogenized with seven passes in a prechilled, zero clearance homogenizer (Kimble/ Kontes, Vineland, NJ). EDTA was omitted from the buffer in the mitochondrial preparation for sucrose gradient fractionation. A postnuclear supernatant was obtained by centrifugation of the samples twice for 10 min at 600 g. Mitochondria were pelleted by centrifugation for 10 min at 10,000 g and washed once in the same buffer. Subcellular fractionation of HEK293 mitochondria was performed as described (Wieckowski et al., 2009 ). For submitochondrial localization experiments, mitochondria from HEK293 were further extracted with 100 mM alkaline carbonate at a pH of 11.5 as previously described (Weraarpachai et al., 2009) , and the relevant fractions were analyzed by SDS-PAGE. Size exclusion chromatography was performed as described previously (Kaufman et al., 2007) .
Enzyme Assay and Protein Concentration Measurements
A spectrophotometric assay of whole-cell extracts from control and siRNAtreated cells was used to measure the enzymatic activity of COX as described previously (Antonicka et al., 2003a) . Protein concentration was determined by Bradford assay.
Native, Denaturing, and Two-Dimensional PAGE Blue native PAGE (BN-PAGE) was used to separate individual OXPHOS complexes. Mitoplasts, prepared from fibroblasts by treatment with 0.8 mg of digitonin per milligram of protein, or isolated mitochondria were solubilized with 1% lauryl maltoside. Solubilized samples (10-20 mg) were run in the first dimension on 6%-15% polyacrylamide gradient gels as described in detail elsewhere (Leary and Sasarman, 2009 ). For the second-dimension analysis, BN-PAGE/SDS-PAGE was carried out as detailed previously (Antonicka et al., 2003b) . SDS-PAGE was used to separate denatured whole-cell extracts, isolated mitochondrial extracts and fractions from either alkaline carbonate extraction, size exclusion experiment, or sucrose gradient sedimentation. In general, whole cells were extracted with 1.5% lauryl maltoside/PBS, after which 20 mg of protein was run on either 10%, 12%, or 15% polyacrylamide gels. Separated proteins were transferred to a nitrocellulose membrane, and immunoblot analysis was performed with the indicated antibodies.
Antibodies
The following antibodies were used in this study: anti-GRSF1 ( 
Radiotracer Labeling of Mitochondrial Translation Products
Pulse labeling of mitochondrial translation products in control and siRNAtreated fibroblasts was performed with 200 mCi/ml of a [
35 S]-methionine/ cysteine mix (Perkin Elmer) in DMEM lacking methionine and cysteine and containing 100 mg/ml of a cytoplasmic translation inhibitor emetine for 60 min as described in detail elsewhere (Sasarman and Shoubridge, 2012) .
Northern Blotting and Northern-PAGE Analysis Northern blotting was carried out essentially as described previously (Weraarpachai et al., 2009 . Strand-specific qRT-PCR was essentially carried out as described previously , with the exception that Taqman-specific probes were used to detect noncoding cyt b, noncoding ND5, and coding and noncoding ND6 transcripts. The levels of preprocessed transcript junctions were measured as previously described (Sanchez et al., 2011) .
Immunocytochemistry
Control fibroblast cells, 143B and 143B rho 0 cells grown on coverslips,
were fixed with 4% formaldehyde solution, solubilized by Triton X-100, and incubated with the indicated antibodies. For treatment with indicated inhibitors, actinomycin D (40 mg/ml) or EtBr (50 ng/ml) was added to the media 12 hr prior to formaldehyde fixation. For BrU labeling, cells grown on coverslips were incubated with 2.5 mM BrU for 30 min prior to fixation. Anti-BrdU antibody was used to detect BrU-labeled RNA. The appropriate anti-species secondary antibodies coupled with Alexa fluorochromes (Invitrogen) were subsequently used at a dilution of 1:2,000. Cells were imaged with either Zeiss Axio Imager A1 or Olympus FV1000 confocal scanning microscope.
Combination of Immunofluorescence and RNA FISH Combination of immunofluorescence and RNA FISH was performed essentially as described previously (Chaumeil et al., 2008) with minor modifications. 5 0 Cy3-labeled oligonucleotide probes (1 mg) were used: 5 0 Cy3-CCATGCCT CAGGATACTCCTCAATAGCCATCGCTGTAGTATATCCAAAGA-3 0 for ND6, and 5 0 Cy3-TGGCTGGCACGAAATTGACCAACCCTGGGGTTAGTATAGCTTA GTTAAAC-3 0 for 12S. Probes were resuspended in 5 ml of formamide and denatured at 75 C for 7 min, and 35 ml of EXPRESSHyb solution (Clontech) was added. Hybridization was performed at 37 C for 1.5 hr.
Sucrose Gradient Sedimentation
Mitochondria from control siRNA and siRNA1-treated cells (400 mg) were lysed in lysis buffer (260 mM sucrose, 100 mM KCl, 20 mM MgCl 2 , 10 mM Tris-Cl [pH 7.5], 1% Triton X-100, 5 mM b-mercaptoethanol, protease inhibitor cocktail without EDTA [Roche]) on ice for 20 min. Lysates were cleared prior to loading onto the sucrose density gradient by centrifugation at 9,400 g for 45 min at 4 C. Lysates were loaded on a 1 ml 10%-30% discontinuous sucrose gradient (50 mM Tris-Cl, 100 mM KCl, 10 mM MgCl 2 ) and centrifuged at 32,000 rpm for 130 min in a Beckman SW60-Ti rotor. After centrifugation, 14 fractions were collected from the top and used for further analysis (immunoblotting and qRT-PCR). For mass spectrometry analysis, one-half of fractions 5 and 6 were TCA precipitated and analyzed on an Orbitrap (Thermo Scientific, Watlham, MA) at the Institute de Recherches Cliniques de Montreal.
RNA Immunoprecipitation
Mitochondria from HEK293 cells (400 mg) were extracted in 100 ml extraction buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM MgCl 2 , 100 U/ml RNase inhibitor, 3 mM vanadylate ribonuclease complex, 1% NP-40, and complete protease inhibitors without EDTA [Roche]) on ice for 40 min, with occasional vortexing. The extract was centrifuged at 25,000 g at 4 C for 40 min, and the supernatant was precleared overnight with noncoated Dynabeads Protein A (Invitrogen) to reduce nonspecific RNA binding to the beads. Binding of anti-GRSF1 antibody to Dynabeads Protein A (Invitrogen) was performed according to the manufacturer's instructions (version number 004), with the exception of the durations of the incubation of the antibody with the beads, which was carried out overnight. The precleared extract was then used in the immunoprecipitation experiment with GRSF1-antibody crosslinked beads (GRSF1-IP) and noncoated beads (control-IP). The immunoprecipitation reaction was performed at room temperature for 2 hr. To isolate RNA following the immunoprecipitation reaction, the beads were washed five times with extraction buffer, then incubated for 30 min at 37 C with DNase I, followed by a 30 min incubation at 55 C with Proteinase K in the presence of 0.1% SDS. Samples were then supplemented with EDTA (5 mM) and 1 mg of yeast tRNA. The magnetic beads were then discarded, and phenol-chloroform extraction of RNA was subsequently performed.
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